The Rab guanosine triphosphatase-activating protein (RabGAP) TBC1D1 has been shown to be a key regulator of glucose and lipid metabolism in skeletal muscle. Its function in pancreatic islets, however, is not yet fully understood. Here, we aimed to clarify the specific impact of TBC1D1 on insulin secretion and substrate use in pancreatic islets. We analyzed the dynamics of glucosestimulated insulin secretion (GSIS) and lipid metabolism in isolated islets from Tbc1d1-deficient (D1KO) mice. To further investigate the underlying cellular mechanisms, we conducted pharmacological studies in these islets. In addition, we determined morphology and number of both pancreatic islets and insulin vesicles in b-cells using light and transmission electron microscopy. Isolated pancreatic islets from D1KO mice exhibited substantially increased GSIS compared with wild-type (WT) controls. This was attributed to both enhanced first and second phase of insulin secretion, and this enhanced secretion persisted during repetitive glucose stimuli. Studies with sulfonylureas or KCl in isolated islets demonstrated that TBC1D1 exerts its function via a signaling pathway at the level of membrane depolarization. In line, ultrastructural analysis of isolated pancreatic islets revealed both higher insulin-granule density and number of docked granules in b-cells from D1KO mice compared with WT controls. Like in skeletal muscle, lipid use in isolated islets was enhanced upon D1KO, presumably as a result of a higher mitochondrial fission rate and/or higher mitochondrial activity. Our results clearly demonstrate a dual role of TBC1D1 in controlling substrate metabolism of the pancreatic islet. (Endocrinology 159: 1748(Endocrinology 159: -1761(Endocrinology 159: , 2018 T he two closely related Rab guanosine triphosphataseactivating proteins (RabGAPs), TBC1D1 and TBC1D4, represent essential signaling factors in the regulation of lipid and glucose metabolism (1-3). With the exertion of their respective function via the activation of small Rab guanosine triphosphatases, both molecules control
vesicle trafficking processes within a diversity of cell types (4) . However, the majority of studies, to date, concentrate on RabGAP function in skeletal muscle and white adipose tissue, where they mediate the translocation of the insulin-and contraction-regulated glucose transporter (GLUT) type 4 to the plasma membrane, thus directly influencing glucose influx (2, 5) . Deficiency of one or two of the TBC1D proteins leads to severely impaired insulin-and contraction-stimulated glucose uptake into skeletal muscle and adipocytes, likely caused by missorting and subsequent depletion of the GLUT4 protein (2) . Interestingly, lipid use is enhanced in RabGAP-deficient mice, clearly emphasizing the central role of the two RabGAPs in the regulation of substrate preference and metabolic flexibility, a major trait in the pathophysiology of insulin resistance and type 2 diabetes (6) . In humans, a coding variant of TBC1D1 was linked to extreme obesity, and a mutation in TBC1D4 was shown to cause postprandial hyperglycemia (7) (8) (9) (10) . Presumably a result of compensatory mechanisms caused by the remaining RabGAP, deletion of both RabGAPs is necessary to considerably impair whole-body glycemia in mice, and single-knockout animals for each TBC1D protein show only mild disturbances in their glycemic control (2, 11) . In addition, contradictory findings for plasma insulin levels in vivo have been demonstrated throughout different studies (2, 12, 13) . There is recent evidence that the metabolic impact of the two RabGAPs is not limited to peripheral insulin-responsive tissues alone. So far, only little research has been conducted on TBC1D1 or TBC1D4 function in pancreatic islets. Despite the fact that both RabGAPs are expressed in this tissue and seem to influence insulin secretion (IS), their exact role in the regulation of glucose and lipid metabolism in b-cells is unclear. A previous publication showed that knockdown of Tbc1d4 in sorted mouse b-cells led to increased basal IS but reduced glucose-stimulated insulin secretion (GSIS) (14) . In addition, decreased Tbc1d4 expression resulted in enhanced apoptosis and reduced proliferation in these cells (14) . Two independent groups showed a mild phenotype regarding IS upon Tbc1d1 knockdown in sorted rat b-cells and isolated pancreatic islets of Tbc1d1-knockout (D1KO) rats, respectively (15, 16) .
The dynamics of GSIS follow a first and a second phase (17, 18) . The triggering pathway triggers the stimulated secretion but does not determine its extent (19) . The latter depends on the amplifying pathway, which involves the export of mitochondrial metabolites (20) . Additionally, extracellular signals, such as incretins or free fatty acids, play a role in the movement and depletion (21) of insulincontaining granules, thereby relying on a precise regulation of vesicular transport via Rab proteins and RabGAPs (4). However, not much research has been performed, to date, addressing the underlying cellular mechanisms linking RabGAPs to basic islet physiology. The questions remain whether the two RabGAPs control substrate use in pancreatic b-cells in analogy to peripheral tissues and how TBC1D proteins exert their function on b-cell-specific processes.
Our findings clearly demonstrate an important role for TBC1D1 in the regulation of IS, as well as lipid metabolism, in islets and suggest a contribution in wholebody glycemia.
Materials and Methods

Chemicals and buffer
Chemicals and buffer ingredients are listed in Supplemental Table 1 .
Experimental animals
Mice were kept in accordance with the US National Institutes of Health guidelines for the care and use of laboratory animals, and all experiments were approved by the Ethics Committee of the State Ministry of Agriculture, Nutrition and Forestry (State of North Rhine-Westphalia, Germany). Three to six mice per cage were housed at 22°C and a 12-hour light: 12-hour dark cycle with ad libitum access to food and water. After weaning, animals received a standard diet (Ssniff, Soest, Germany). Male mice were used at the age of 12 to 16 weeks.
The generation of D1KO mice has been described previously (2, 6) . To generate transgenic TG-RIP2-3xFLAG-Tbc1d1 (RIP2-D1) mice overexpressing Tbc1d1 under the control of the RIP2 promoter, a DNA fragment for RIP2-3xFLAG-Tbc1d1 was microinjected into the male nucleus of zygotes from an F1(C57BL/6JOlaHsd 3 SJL/JCrHsd) intercross (22) . Embryos were transferred to the oviduct of pseudopregnant females, and hemizygous transgenic offspring were identified by Southern blotting. Several lines were backcrossed to the N5 generation to C57BL/6JCrl mice using marker-assisted genotyping until reaching 100% C57BL/6J background, based on the analysis of 108 microsatellite markers.
Cloning of the RIP2-3xFLAG-Tbc1d1 gene construct
We replaced the KasI/PmeI Cre-ER cassette in the plasmid pBKS-RIP2-Cre-ER (Addgene) (23) by blunt-end cloning of a 3xFLAG-Tbc1d1 (short isoform) (6) , and the resulting construct was verified by Sanger sequencing. A 5.6-kbp FseI/PmeI fragment for RIP2-3xFLAG-Tbc1d1-polyA was gel isolated, purified, and used for oocyte injections. Control mice are wildtype (WT) littermates, not carrying the RIP2-3xFLAG-Tbc1d1 transgene.
Insulin (Mouse) Ultrasensitive ELISA kit (DRG, Marburg, Germany).
Islet isolation and static GSIS
Pancreatic islets were isolated by ductal collagenase perfusion of the pancreas, as previously described (24) . Islets were allowed to regenerate overnight in CMRL (Connaught Medical Research Laboratories) islet medium. All incubation steps were conducted at 37°C with 5% CO 2 . GSIS assays were performed with eight islets per well in a 96-well plate. Islets were adjusted in Krebs-Ringer-HEPES (KRH) buffer with 2 mM glucose for 1 hour before 1-hour incubation with 2 mM glucose as basal condition. Thereafter, the same islets were incubated for 1 hour with KRH buffer containing the designated secretagogue (25 mM glucose, 1 mM glibenclamide, 30 mM KCl, or 5 mM A23187) and were lysed after the last stimulation. Insulin in both the supernatants and the lysates was measured using mouse insulin enzyme-linked immunosorbent assay (ELISA) kits.
Total pancreatic insulin/proinsulin content
Dissected pancreas was snap frozen in liquid nitrogen. The pancreas was homogenized with ice-cold acid ethanol (0.18 M HCl in 75% ethanol) and kept shaking overnight at 4°C. The homogenate was centrifuged for 15 minutes at 5000 relative centrifugal force at 4°C, and the clear supernatant was subjected to insulin and proinsulin ELISA measurements and bicinchoninic acid protein assay.
Islet isolation and dynamic perifusion
Mice were euthanized, and the pancreas was removed and manually chopped in KRH buffer with scissors. After 8.5 minutes of collagenase digestion in a 37°C shaking waterbath, the tissue was washed with KRH buffer, and islets were handpicked from the exocrine tissue and assayed within 1 hour. Perifusion of 50 WT and D1KO islets, respectively, was carried out according to the previously described protocols (25) .
Palmitate uptake and oxidation
Assays were done essentially as described (6) . In brief, for palmitate uptake, 100 islets were incubated in KRH containing 0.1% fatty acid-free bovine serum albumin (BSA) and 2.8 mM glucose for 2 hours, washed three times with KRH + 0.1% BSA, and incubated with KRH + 40 mM BSA and 0.5 mCi/mL [1- 14 C]palmitic acid at 37°C (20 minutes for uptake assays). The cells were then washed with ice-cold KRH + 0.1% BSA and lysed with sodium dodecyl sulfate, and radioactivity was determined by scintillation counting. For palmitate oxidation, 10 islets were seeded in separate 48 wells in CMRL islet medium and cultured overnight at 37°C/ 5% CO 2 . The plate was placed into a custom-made oxidation chamber; islet medium was supplemented with [
14 C]palmitic acid (0.3 mCi per well), fatty acid-free BSA (6.24 mM per well), and L-Carnitin (1 mM per well); and the procedure continued as previously described (26) .
Mitochondrial copy number and citrate synthase activity
The ratio of islet mitochondrial DNA (mtDNA; mt-Nd2) and nuclear DNA (Rps18), as well as citrate synthase activity, was determined, as previously described (5).
Measurement of oxygen consumption rate
To determine islet oxygen consumption rate (OCR), isolated islets were collected after overnight regeneration and resuspended in Seahorse XF Base medium (Agilent, Wilmington, DE), supplemented with 1% fetal bovine serum, 3 mM glucose, and 0.5 mM HEPES (pH 7.4), and seeded with 70 islets per well of a 24-well islet capture microplate, as described elsewhere (27) . OCRs were measured at baseline and following injection with 5 mM oligomycin and 5 mM antimycin A/rotenone (XF Cell Mito Stress Test Kit), respectively, using a Seahorse XF24e analyzer (Agilent). The OCRs were normalized to the baseline values, as previously described (27) , and expressed as percent of WT baseline.
Morphometric analysis of islets
Dissected pancreas was immediately fixed with 4% paraformaldehyde for 24 hours and embedded in paraffin after dehydration, according to standard procedures. Sections of 5 mm were prepared on microscope slides and stained with hematoxylin/eosin. Total pancreas area was determined by point counting (28, 29) . Finally, 14 to 21 sections of different levels per pancreas from three animals per genotype were analyzed with cellSense Dimensions Software (Olympus, Hamburg, Germany).
Electron microscopy of islets
Isolated islets from three WT and D1KO mice, respectively, were pooled and incubated with 2 or 25 mM glucose in KRH buffer for 1 hour at 37°C after overnight regeneration. Islets were washed with BSA-free KRH buffer and processed, as described previously (30) . Mature granules were determined by grayscale threshold analysis and counted with cellSense Dimensions Software. Immature granules, as well as docked granules, were identified and counted manually. Finally, 10 b-cells of three to five different islets per condition were analyzed. Mitochondrial area was determined with cellSense Dimensions Software after manual identification and labeling.
Complementary DNA synthesis, reverse transcription polymerase chain reaction, and quantitative polymerase chain reaction RNA was isolated using RNeasy Mini Kit, and complementary DNA (cDNA) was synthesized using the GoScript™ Reverse Transcription Kit (Promega) with 500 ng RNA for quantitative polymerase chain reaction (qPCR) and 1 mg RNA for reverse transcription PCR (RT-PCR) with random hexanucleotide primers (Roche). For qPCR, several primers were used with the GoTaq ® qPCR Master Mix on a StepOne Plus device (Applied Biosystems). RT-PCR for Tbc1d1 isoform detection was realized with primers flanking exons 12 and 13 of Tbc1d1. The forward primer is located in exon 11; the reverse primer is located in exon 15. Primer sequences are shown in Supplemental Tables 2 and 3 . Analysis was performed using the 2-DDCT) method (31), with 36b4 as a reference gene. For the determination of the relative copy number of messenger RNA (mRNA) in freshly isolated pancreatic islets, DCt values for Tbc1d1 and Tbc1d4 genes were normalized using a calibration curve obtained from the amplification of plasmids containing the respective cDNA sequences (pcDNA3-CMV-3xFLAG-Tbc1d1, 9319 bp; pCR2.1-TOPO-Tbc1d4, 7916 bp; see Supplemental Fig. 1 ).
Western blot analysis
We used standard protocols to prepare total protein extracts from isolated islets and frozen tissues. Total islet protein (10 to 30 mg) was separated in an 8% to 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and tank blotting of the proteins onto polyvinylidene difluoride membrane was performed. Membranes were blocked and incubated with primary antibodies and secondary horseradish peroxidaseconjugated antibodies (Supplemental Table 4 ). Proteins were detected with enhanced chemiluminescence reagent (PerkinElmer) in a ChemiDoc device (Bio-Rad, Munich, Germany) and quantified with the ImageLab software (Bio-Rad).
Statistical analysis
All experiments were performed with at least n = 3 samples and shown as mean values 6 standard error of the mean (SEM). Statistical significance was calculated with appropriate tests using GraphPad Prism 5 software (GraphPad, La Jolla, CA). Exact conditions and tests are depicted in the figure legends.
Results
TBC1D1 is predominant over TBC1D4 in mouse islets
Pancreatic islets from mice express both RabGAPs: Tbc1d1 and Tbc1d4. Real-time qPCR indicates that Tbc1d1 transcripts are predominant over Tbc1d4 in isolated pancreatic islets from mice ( Fig. 1A and Supplemental Fig. 1A ). As illustrated in Fig. 1B , islets exclusively contain mRNA for the short variant of Tbc1d1 [1162 amino acid (aa)], whereas skeletal muscle and the heart also contain the long Tbc1d1 isoform (1255 aa). As expected, TBC1D1 protein was undetectable in islets from D1KO mice ( Fig. 1C and 1D ). We generated transgenic mice overexpressing the short isoform of Tbc1d1 under the control of the RIP2 promoter (RIP2-D1). Islets from RIP2-D1 mice showed a 2.6-fold increase in TBC1D1 protein abundance compared with islets from RIP2-WT littermates ( Fig. 1C and 1D ). However, TBC1D4 protein was equally abundant in islets from D1KO and RIP2-D1 mice compared with their respective controls ( Fig. 1C and 1D ).
D1KO affects glucose-induced plasma insulin levels in vivo
To determine the impact of D1KO on plasma insulin concentrations in vivo, blood glucose and plasma insulin levels were determined acutely after an intraperitoneal injection of glucose. In line with previous studies (2, 12, Figure 1 . RabGAP expression in isolated islets of D1KO and RIP2-D1 mice. (A) Normalized mRNA expression of Tbc1d1 and Tbc1d4 in freshly isolated C57BL/6J mouse islets. DCt values (with 36b4 as a housekeeping gene) were measured by real-time qPCR, corrected and normalized using standard concentration curves (Supplemental Fig. 1A ). Data are means 6 SEM (n = 8). Student t test, two-tailed, unpaired, ***P , 0.001. (B) RT-PCR of Tbc1d1 isoforms in heart (HE), quadriceps muscle (SM), and pancreatic islets (PI), as well as negative control (N). Positions of isoform-detecting primers are indicated by arrows. PCR of the long isoform produces a 645-bp fragment; the short isoform product corresponds to a 366-bp fragment as a result of the lack of exons 12 and 13. (C and D) Abundance of TBC1D1 and TBC1D4 in islets of D1KO, RIP2-D1 mice, and respective WT littermates. RabGAPs were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Data represent means 6 SEM (n = 4 to 8), Mann-Whitney U test, two-tailed, *P , 0.05; ***P , 0.001. 13), we did not observe any differences in blood glucose between D1KO and WT mice ( Fig. 2A and 2D ). Compared with the 6-hour fasting plasma insulin levels, D1KO exhibited an elevated increment in plasma insulin upon an acute glucose stimulus ( Fig. 2B and 2E ). However, absolute plasma insulin levels were similar between D1KO mice and WT mice during the test period (Fig. 2C) . Notably, D1KO mice had significantly reduced plasma insulin levels after 6 hours of fasting, indicating increased insulin sensitivity in peripheral tissues in the D1KO mice.
D1KO increases GSIS in isolated islets
We investigated GSIS from isolated islets in both static and dynamic approaches. Upon stimulation with 25 mM glucose, islets from D1KO mice exhibited a substantially increased GSIS (1.5-fold) compared with islets from WT controls, whereas IS at basal glucose concentration (2 mM) was unchanged (Fig. 3A) . Islets from RIP2-D1 mice showed no genotype-dependent differences IS (Fig. 3A) . Measurements of insulin content in the islet lysates after GSIS revealed no genotype-specific differences (Supplemental Fig. 2A ). The increased GSIS in D1KO islets was even sustained after three repetitive glucose challenges (Fig. 3B) . IS was additionally determined by perifusion of freshly isolated islets. After 60 minutes at substimulatory glucose concentrations (5 mM), glucose was raised to 30 mM. When normalized to the last prestimulatory secretion rate (60 minutes), the increase in response to 30 mM glucose of the D1KO islets was markedly pronounced compared with WT islets, although the difference failed to achieve statistical significance (Fig. 3C) . The ratio of total pancreatic proinsulin/insulin was significantly decreased in D1KO mice compared with WT controls (Fig. 3D) , which is a result of similar insulin (Fig. 3E ) but decreased proinsulin content (Fig. 3F ) in pancreas from random-fed D1KO mice. The gene-expression levels of prohormone convertases 1 and 2 (Pcsk1 and Pcsk2) were significantly increased in D1KO islets (Fig. 3G) . Welch-corrected t test, two-tailed, unpaired, *P , 0.05. (G) mRNA expression of insulin-processing prohormone convertases 1 and 2 (Pcsk1 and Pcsk2) from isolated islets of D1KO mice and WT controls. Data are means 6 SEM (n = 4 to 7). Welch-corrected Student t test, two-tailed, unpaired, *P , 0.05. n.s., not significant.
Pancreatic islets of D1KO mice show increased IS upon treatment with sulfonylureas or KCl We further investigated different steps in the triggering pathway of GSIS. GLUT2 abundance was unchanged between islets of WT and D1KO mice (Supplemental Fig.  2B ). Pharmacological approaches revealed that adenosine triphosphate-sensitive potassium (K + -ATP) channel inhibition substantially increased basal IS in D1KO islets compared with WT controls. This finding was demonstrated by additional perifusion experiments, where addition of 500 mM tolbutamide to 5 mM glucose significantly increased IS in D1KO islets compared with WT controls (Fig. 4A ). Additional stimulation with 40 mM KCl resulted in a generally increased IS, independent from the genotype (Fig. 4A) . In a static GSIS experiment using 1 mM glibenclamide (Fig. 4B) , the increased GSIS in D1KO islets after K + -ATP channel inhibition was confirmed. In contrast to the perifusion experiment, 30 mM KCl-induced IS in the static approach was significantly higher in islets from D1KO mice (Fig. 4C) . In contrast, after incubation of isolated pancreatic islets with 5 mM Ca 2+ ionophore A23187 (Fig. 4D ) at 2 mM glucose, respectively, no genotype-dependent changes in IS were detected. The increased sulfonylureainduced IS was not attributed to changes in total mRNA expression of the K + -ATP channel-forming subunits Kcnj11 (Kir6.2) and Abcc8 (SUR1), as they remained unchanged between the genotypes (Fig. 4E) .
D1KO b-cells exhibit more insulin granules after glucose stimulation
We assessed morphometric parameters in hematoxylin/ eosin-stained pancreatic sections of D1KO mice and WT littermates. D1KO did not affect overall islet morphology (Fig. 5A) . Total pancreas area, total islet number, amount of islets per millimeter-squared pancreas, and the mean islet area per millimeter-squared pancreas were unchanged https://academic.oup.com/endo (Fig. 5B) , as well as the islet area distribution within the pancreas (Supplemental Fig. 3A) . We further analyzed the ultrastructure of b-cells from D1KO mice and WT controls with regard to the amount and distribution of mature and immature insulin granules by transmission electron microscopy (TEM). In accordance with the ex vivo static GSIS measurements, isolated islets were incubated at 2 and 25 mM glucose for 1 hour (Fig. 5C and 5D ) before TEM analysis. The density of mature granules was equal in b-cells from both genotypes at 2 mM glucose. However, after glucose stimulation, the density of mature granules decreased significantly in b-cells of WT but not D1KO b-cells. This led to a significantly increased, mature granule density in b-cells from D1KO islets after 25 mM glucose stimulation (Fig. 5E ). The density of immature insulin granules was significantly decreased in D1KO b-cells after stimulation with 2 mM glucose but markedly increased in the high-glucose state. Consequently, D1KO b-cells demonstrated a highly significant increase of immature granules upon glucose stimulation, whereas the number of immature granules remained stable in WT b-cells (Fig. 5F) . Likewise, the total density of granules, 400 nm beneath the plasma membrane (docked granules), was increased in b-cells of D1KO islets compared with WT after 25 mM glucose stimulation (Fig. 5G) .
Additional expression analysis of various genes relevant for islet physiology and vesicle dynamics showed no meaningful differences between D1KO and WT islets (Supplemental Fig. 4 ).
D1KO increases palmitate uptake and oxidation in isolated islets
In previous studies, D1KO mice exhibited enhanced lipid use in vivo, as well as increased uptake and oxidation of [ 3 H]palmitate in isolated skeletal muscles (6) . Therefore, we analyzed lipid handling in isolated islets of D1KO mice and WT controls. In line with previous results from skeletal muscle, islets of D1KO mice showed a substantially (40%) increased palmitate uptake (Fig. 6A ) and a concomitant increase in palmitate oxidation (Fig. 6B) . Of note, mRNA expression of genes involved in fatty acid signaling, uptake, and oxidation was unchanged in isolated islets from both genotypes (Supplemental Fig. 5A) . However, D1KO islets demonstrated a substantially elevated mtDNA copy number compared with WT islets (Fig. 6C) . In addition, expression of the mitochondrial fission gene Dnm1l (Drp1) was significantly increased in D1KO, whereas the expression of Opa1 that mediates mitochondrial fusion was unchanged (Fig. 6D) . Nevertheless, we could not find a differential citrate synthase activity (Fig. 6E) , alterations in the mitochondrial area in single b-cells (Fig. 6F) , or a differential protein abundance of oxidative phosphorylation (OXPHOS) complexes between D1KO and WT islets (Fig. 6G) . Seahorse measurements for OCRs showed a small but significant increase in baseline oxygen consumption in D1KO islets after baseline normalization. Injection of 5 mM oligomycin reduced OCRs by ;40% in WT and 25% in D1KO islets compared with baseline OCRs. Remaining OCRs, after injection of oligomycin, were not different between D1KO and WT islets (P = 0.266). Injection of a 5-mM antimycin A/rotenone mixture reduced OCRs by ;80% compared with baseline OCRs in both WT and D1KO islets (Fig. 6H) .
Discussion
In this study, we investigated the role of the RabGAP TBC1D1 in mouse pancreatic islets. RabGAPs have been described to be key players of energy substrate use in skeletal muscle, but their role in other tissues remains rather unknown. In our study, we demonstrate that TBC1D1 is an important regulator of IS and lipid metabolism in mouse pancreatic islets by controlling glucose-and secretagogue-stimulated IS and lipid oxidation. We showed that expression of Tbc1d1 highly dominates over Tbc1d4 in isolated islets, emphasizing the bigger role for TBC1D1 in islet physiology. Furthermore, our study represents the description of a short isoform of Tbc1d1 in islets and the generation of the transgenic RIP2-D1 mice carrying this short isoform. In recent studies, knockdown of Tbc1d1 and Tbc1d4 in pancreatic b-cells has been shown to affect GSIS, but the effects were not conclusive: in sorted rat b-cells and in a global rat knockout model, D1KO led to a moderate increase in both basal IS and GSIS (15, 16) . In contrast, knockdown of the related Tbc1d4 in primary mouse b-cells resulted in increased basal IS but decreased GSIS (14) , suggesting an opposing role of both RabGAPs in GSIS.
In the current study, we first identified Tbc1d1 as the predominant RabGAP in mouse islets compared with Tbc1d4. The short Tbc1d1 isoform, which is also abundant in adipocytes but not in muscle (1), lacks 94 aa (631-724) containing two 5-aminoimidazole-4-carboxamide ribonucleotide-regulated phosphorylation sites: Ser-660 and Ser-700 (1, 32) . Whereas the specific functions of TBC1D1 isoforms are unknown, previous studies of TBC1D4 demonstrated altered biological activities of isoforms and isoform-specific mutations (33, 34) .
Consistent with data from rats (15), we found a relatively higher increase of IS in Tbc1d1 knockout islets than in islets from WT mice. Furthermore, TBC1D1
protein appears not to be rate limiting in islets, as b-cellspecific overexpression of Tbc1d1 neither changes basal IS nor GSIS compared with WT controls. The divergence from previous studies in rat b-cells (15, 16) might be most likely explained by a species-related diversity. In fact, D1KO rats exhibited no changes in GLUT4 abundance in skeletal muscle, which is considered a hallmark of all published D1KO mice so far (16). C-CO 2 from oxidized palmitic acid was trapped in filter papers and measured by scintillation counting, and CPM values normalized to islet numbers were expressed as fold over WT. Data are means 6 SEM (n = 6), Mann-Whitney U test, two-tailed, *P , 0.05. (C) Mitochondrial copy number. The ratio of mtDNA (mt-Nd2) to nuclear DNA (Rps18) was determined by real-time qPCR using SYBR Green with 40 ng DNA from isolated islets. Data are means 6 SEM (n = 5 to 7), Student t test, two-tailed, unpaired, ***P , 0.001. (D) mRNA expression of Dnm1l and Opa1 in isolated islets. Data are means 6 SEM (n = 7), Student t test, two-tailed, unpaired, *P , 0.05. (E) Citrate synthase activity was analyzed from isolated islets using 8 mg total protein with the Citrate Synthase Assay Kit (Sigma, Steinheim, Germany), according to the manufacturer's instructions. Data are means 6 SEM (n = 7 to 8). (F) Mitochondria of b-cells were analyzed from a small subset of TEM images (Fig. 5) . The sum of the area of all mitochondria per b-cell was referred to the cell area and expressed as percentage. Data are means 6 SEM of 10 b-cells per genotype. (G) Quantification with representative Western blot showing abundance of OXPHOS complexes (C)II, -III, and -V of isolated D1KO and WT islets against glyceraldehyde 3-phosphate dehydrogenase abundance. Data are means 6 SEM (n = 3 to 4). (H) Measurement of OCR in isolated islets with the Seahorse XF24e analyzer. Seventy islets were seeded per well of a 24-well islet capture plate in duplicates, and baseline OCR was initially measured four times within 30 minutes. After addition of 5 mM oligomycin (Oligo) or 5 mM antimycin A/rotenone (AA/Rot) mixture, five measurements within 40 minutes were taken. After baseline correction, as recommended by Agilent and previous reports (27) , the last baseline measure and the lowest of the five OCR measures of both oligomycin and antimycin A/rotenone were used for calculation. Data are means 6 SEM (n = 4), Student t test, two-tailed, unpaired, *P , 0.05.
Importantly, increased GSIS in D1KO islets persists after three repetitive glucose challenges, indicating that the mechanism leading to increased GSIS upon D1KO is operating continuously and thus, reflects a physiologically relevant context. This is also supported by the markedly amplified first and second phase of IS in D1KO islets, demonstrating that both the triggering and amplifying pathways are enhanced upon D1KO.
The higher degree of interindividual variation of IS in perifusion assays compared with the static GSIS assay may result from differences in islet handling and preincubation times but applied to both genotypes. The increase in both glibenclamide-and tolbutamide-stimulated IS at basal glucose concentrations (2 and 5 mM) was markedly potentiated in islets of D1KO mice. This effect is unlikely a result of altered adenosine triphosphate (ATP)/adenosine 5 0 -diphosphate ratios in b-cells but rather reflects enhanced K + -ATP channel signaling. Interestingly, the K + -ATP channels have been reported to localize not only to the plasma membrane of b-cells but are also present in considerable amounts on insulin granules (35) . Moreover, sulfonylureas were found to stimulate IS via granulelocalized channel inhibition without binding to plasma membrane K + -ATP channels (36) and can mediate the fusion of newly generated granules for IS (37) . It is possible that D1KO increases K + -ATP channel trafficking and surface expression at basal glucose concentrations (38, 39) . However, we found no relevant changes in total mRNA expression of the K + -ATP channel-forming subunits in islets. A previous study reported that Tbc1d1 knockdown prevents IS induced by KCl in sorted rat b-cells (15) . In our study, we show that 60 minutes of 30 mM KCl stimulation results in increased IS in the D1KO islets. This discrepancy might be attributed to differences in the experimental protocol and the fact that Tbc1d1 knockdown in rat b-cells led to only 70% reduction of TBC1D1 protein (15) . Together with the sulfonylurea-induced increase in IS, these findings suggest a role for TBC1D1 on cell-membrane depolarization. This is supported by the fact that KCl-induced IS in the perifusion approach was not different between the genotypes, as applied in addition to the already-present tolbutamide. Furthermore, with the bypassing of the downstream Ca 2+ channel with the Ca 2+ ionophore A23187, IS was the same in both WT and D1KO islets. Stimulation of IS with this ionophore is quite low compared with the stimulation with the other secretagogues. However, the stimulation fold with 5 mM A23187 is comparable with what was already found with INS-1 cells (40) . Taken together, these data suggest that the extent of the cell-membrane depolarization might be one explanation for the differences in IS observed upon D1KO. Our results indicate that both synthesis of newly generated insulin vesicles and exocytosis of existing granules are increased by D1KO (41) (42) (43) (44) . Consistently, our ultrastructure analysis strongly suggests that b-cells of D1KO islets are capable of faster restoring of insulin granules after glucose stimulation to increase secretion in a time-dependent manner. This is also reflected by the dynamic perifusion experiment with 30 mM glucose. The measurements of proinsulin and insulin in the total pancreas also reflect the results of the insulin-granule analysis with the consideration of the basal 2 mM state. As immature granules may still contain more proinsulin than mature granules (45) , the lower amount of proinsulin in the D1KO pancreas reflects the lower density of immature granules in D1KO b-cells at 2 mM glucose and therefore, the lower proinsulin-to-insulin ratio. In accordance, islets from D1KO mice show increased gene-expression levels of Pcsk1 and Pcsk2, suggesting a higher activity in the proinsulin-to-insulin processing compared with WT islets. Apart from proinsulin, total pancreatic insulin content, as well as insulin content of islet lysates at the end of the stimulation period from the GSIS, showed no differences between WT and D1KO mice. Whereas this observation is in line with our results from the morphometric analysis that showed no differences in islet size, density, and morphology, genotype-dependent alterations in insulin content per granule might be resolved in more detailed analyses. Several genes, related to islet cell identity, insulin exocytosis, and insulin signaling, were analyzed. Among these genes, only Mafa, Dnajc5, and Irs2 showed a differential mRNA expression in D1KO islets compared with WT controls. However, for all three genes, the respective protein abundance was found to be unchanged between WT and D1KO islets. In line with previous studies, D1KO mice showed normal glucose tolerance (2, 12, 13) . However, we observed lower fasting insulin levels, implicating moderately elevated hepatic insulin sensitivity (46) . Moreover, compared with WT, D1KO mice secreted relatively more insulin in response to the glucose bolus to achieve normoglycemia, which may reflect impaired glucose clearance as a result of reduced insulin-stimulated glucose transport into skeletal muscle. Measurements of plasma insulin after an intraperitoneal glucose injection may not exactly reflect in vivo IS. Further in-depths analyses, e.g., with the use of hyperglycemic clamp techniques, would be necessary to better characterize the impact of TBC1D1 on in vivo IS. Whereas we cannot rule out that the observed increase in GSIS might be a compensatory reaction to maintain clearance of glucose from the blood in D1KO mice, the data provide evidence for a direct role of TBC1D1 in vesicle dynamics in islets. Skeletal muscles from D1KO mice exhibit increased uptake and oxidation of long-chain fatty acids (6) . Fatty acid metabolism is likely also to influence b-cell function and IS via the amplifying pathway (19, 47) . In addition, ectopic accumulation of lipids is a well-known precursor in the development of insulin resistance (48, 49) . Isolated pancreatic islets from D1KO mice displayed an increase in both uptake and oxidation of [ 14 C]palmitic acid, which might reflect a more generalized role of TBC1D1 in substrate use. Although this effect seems not to be mediated by increased expression of genes regulating lipid metabolism, it might be a result of an enhanced mitochondrial function. Interestingly, the mitochondrial copy number was significantly increased in D1KO islets, which was in accordance with higher mRNA levels of the Dnm1l, a factor for mitochondrial fission processes. In contrast, no changes in mitochondrial fusion, citrate synthase activity, or mitochondrial area were observed between the genotypes. Of note, previous results in skeletal muscle showed an increased citrate synthase activity without a change in Nd2 amplification in D1KO mice (2) . A recent report indicates an increased adenosine 5 0 -diphosphate-dependent mitochondrial respiration in skeletal muscle of D1KO rats in combination with increased fatty acid oxidation as well (50) . However, abundance of OXPHOS complexes in the rat muscle was unchanged. This is in line with our results, where the abundance of OXPHOS complexes is also unaffected as a result of the D1KO. Basal oxygen consumption, as measured using the Seahorse XF24e analyzer, was increased in D1KO islets at baseline but was unchanged after addition of the oligomycin or antimycin A/rotenone mixture. As citrate synthase activity is unchanged, it is possible that anaplerotic reactions or the glycerol-3-phosphate dehydrogenase shuttle of the reduced form of nicotinamide adenine dinucleotide (51) contribute to the increased basal respiration without affecting the Krebs cycle. The increased expression of Dnm1l could also indicate an increased fission of peroxisomes (52) . Thus, we cannot rule out that the increase in palmitate oxidation is a result of a bigger proportion of peroxisomal lipid oxidation in D1KO islets. Moreover, D1KO may not only affect mitochondrial function in b-cells but also in other islet cell types, also contributing to the increased palmitate oxidation. As fatty acid oxidation leads to a rise in cellular ATP levels, this TBC1D1-dependent process might also induce IS via the triggering pathway. These findings strengthen the hypothesis of a protective mechanism with the aim to maintain IS, despite a progressive insulin resistance in peripheral tissues by downregulation of TBC1D1 abundance or activity.
In conclusion, we present evidence for a role of TBC1D1 as regulator of IS and lipid metabolism in Appendix. Antibody Table   Peptide 
